Abstract--As part of a laboratory study of the hydrothermal alteration of kimberlite, a mass balance procedure has been developed for estimating the relative proportions of synthetic phyllosilicate phases--chlorite, vermiculite, smectite, kaolinite and serpentine--present in reaction products. The procedure is based on a combination of X-ray powder diffraction (XRD) measurements (for phase identification), atomic absorption determinations (for total Si, A1, Fe, and Mg) and published analyses of clay minerals (for stoichiometric deductions). It centers on the computer inversion of a 4 x 4 matrix form of four simultaneous equations representing the mass balance of Si, A1, Fe, and Mg in four chosen minerals and incorporates a systematic routine for selecting from all possible permutations of high and low estimates of the mineral chemical analyses acceptable sets of product stoichiometries and phase proportions consistent with the total metal analyses. To minimize uncertainties and computing time, the program takes account of elemental relationships and water mass balances associated with phyllosilicates. It also accommodates data relevant to poorly crystalline phases for which a range of theoretical type-analyses modeled on aluminum oxyhydroxides and 9-1 l-A, 2:1 layered aluminosilicates are employed.
INTRODUCTION
Phase analysis of clay mixtures is seldom straightforward. In particular, uncertainties arise from the variable composition and crystallinity of clay minerals. Many reports (e.g., Carthew, 1955; MacKenzie and Mitchell, 1962; van der Marel, 1966; Cody and Thompson, 1976; Brindley and Brown, 1980) estimated clay mineral proportions by X-ray powder diffraction (XRD), thermal analysis, or infrared (IR) techniques, but most dealt with relatively favorable cases such as the determination of a particular well-crystallized phase, or employed carefully selected synthetic mixtures for calibration. Quantitative phase analysis of clay mixtures based on extraction of reference standards from the test samples was achieved by Gibbs (1967) , but the method is not readily applicable to complex mixtures of interlayered phases. Pearson (1978) adopted a different approach in which predominant phases were identified by XRD and estimated quantitatively by elemental mass balance. He related the chemical compositions of a series of mudstones to their mineral constituent compositions by sets of simultaneous equations of the type: aix + biy + c~z = 100ki,
where a~, b~, ci, and ki are the percentages of element i in mineral phases X, Y, Z, and the mudstone, respectively, and x, y, and z are the phase proportions of X, Y, and Z. For the minerals involved--kaolinite, illite, and chlorite--he employed published maximum and minimum analyses for a~, bi, and c~ with measured values ofk~ to convert the mass balances (as in Eq.
(1)) to a series of straight lines drawn as a composite plot of, e.g., % illite vs. % kaolinite. An enclosed central area within the lines was taken to represent self-consistent solutions of the simultaneous equations, which was reduced in size by means of revised calculations and plots assuming certain elemental relationships. From estimates of % illite and % kaolinite, the proportion of chlorite could be obtained by equations of the form of Eq. 
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of related mudstones employing matrix inversion for the solution of the simultaneous mass-balance equations. Uncertainties were minimized by refining the input elemental data of the minerals. The present work is a modification and extension of Pearson's (1978) approach to include a wider range of minerals, including poorly crystallized phases, some of which are not amenable to Pearson's technique.
THEORY
A mixture of clay minerals consisting predominantly of chlorite (chl), vermiculite (verm), kaolinite (kao), and smectite (sm) provides a convenient example. For this mixture Eq. (2) is the matrix equivalent of Eq. (1), using the elements Si, A1, Fe, and Mg to establish the mass balance. Figure 2 . Regressed boundary limits for % Si and % AI for chlorites. BR = brunsvigite; CL = clinochlore; DB = diabantite; DP = daphnite; PN = penninite; RD = rodingite; RP = ripidolite; SH = sheridanite.
Of the two 4 • 1 matrices given in Eq (2), the left hand matrix refers to the required mineral proportions and the right hand matrix to the experimentally determined total elemental content. The 4 • 4 matrix gives the literature proportions of the four elements in each of the mineral phases. Considering the top !eft hand entry in this matrix, H/L is the highest (H) or lowest (L) % Si for natural chlorites. It is evident from chlorite structural formulae that this percentage must vary with the extent of substitution of A1 for Si in the tetrahedral layers of the chlorite structure. The other H/L terms similarly take the place of the Si, A1, Fe, and Mg compositions in chlorite, vermiculite, and smectite in the remainder of the matrix. Five entries are shown as constant. For example, a small variation exists in literature tabulations (Deer et al., 1962) of % Si in vermiculite; hence a constant value (K~ -16.2 + 0.8) has been used. For kaolinite, % Si (K2 = 21.7 _+ 0.5) and % A1 (K3 = 20.9 + 0.5) are essentially constant. There is negligible Fe or Mg in this mineral. Solutions to Eq. (2) may be then obtained as follows:
(1) The mixed clay sample is analyzed for total Si, A1, Fe, and Mg, and the results are inserted into the right hand matrix as % SiT, % A1T, % FeT, and % MgT; (2) A choice is made of one of the possible permutations of data in the 4 • 4 matrix, e.g., the data may be chosen to correspond to all the highest (H) literature values together with the K], K2, K3, and zero entries; (3) The 4 • 4 matrix is inverted (Staib, 1969; Imperial College, 1980) in order to solve the simultaneous Eqs. (1) and (2), the calculation yields values of % chl, % verm, % kao, and % sm provided certain conditions are met, and acceptable answers must be numerically positive and Sum to 100 ___ 5 %; (4) Procedures (2) 
ELEMENTAL RELATIONSHIPS
The number of permutations required and the uncertainty associated with the calculated clay proportions can be reduced by taking account of independent information on elemental distributions within and between clay minerals. For example, 1~(Si + AI) = 8/unit cell in the tetrahedral layers of various sheet silicates~ hence, % Si and % A1 are inter-dependent.
The d(001) spacings of chlorites (Gillery, 1959; Deer et al., 1962) are related to the extent of A1 replacement of St in the tetrahedral layer. Inasmuch as all of the St, but not all of the A1, resides in this layer, the 001 spacing is an independent measure of the Si content of a chlorite. The direct relationship between the Si proportion and d(001) spacing is shown in Figure 1 . indicates that the data had insignificant magnitude. 2 The constant H for Sm,Si is the product of the % Si and % A1 assays, as this variable produced an improved regression. 
where subscripts d, t, Si, A1, Mg, and Fe denote dependence upon d spacing, clay type, % Si, % A1, % Mg, and % Fe respectively, and other terms are as in Eq.
(2). The number of permutations required now becomes 29. As a result, the uncertainty in computed clay proportions (expressed in terms of the standard deviation of the averaged results) is decreased when elemental relationships are included, because the ranges of values standing for H/L are reduced.
Other elemental relationships can be developed. For 
POORLY CRYSTALLINE PHASES
Alteration reactions can give rise to poorly crystallized phases which do not give sharply defined XRD patterns and defy positive identification. A high proportion of such a phase can be accommodated in the matrix inversion procedure by assigning the phase a modeled structural formula based on a major clay type. In this work, peaks noted in the 9-11-~, region were assumed to belong to partly formed pyrophyllite-like 2:1 layered silicates (cf. Bauer and Sclar, 1981) having the formula:
No literature analyses of such a phase exist, but suitable compositional data can be generated if the following assumptions are made: (t) The relative proportions ofMg, Fe, and A1 in the formula are the same as those for % MgT, % Fex, and % Alv (as defined in Eq. (2)); and (2) the terms t and n range from 0 to 2 (for A1 replacement of Si) and 0 to 30, respectively. The latter range accounts for the possibility of extensively hydrated clays. The above formula can be rewritten as: (MgRMgFeRFeA1RA,)y(AltSi4-tO~ o)(OH)2' nH20, where RMg = a/y = 1 -RA1 -RFe; RFe = b/y = % FeT/(% Mgv + % Fex + % x); and RA1 = c/y = % A1T/ (% Mgv + % FeT + % A1T). From etectroneutrality:
hence, from atomic weight data the molecular weight, M, of the clay is given by: M = 24.3yRMg + 55.9yRFe + 27.0(yRA1 + t) + 28.1(4 -t) + 194.0 + 18.0n,
such that the metal proportions are given by: % Mg = 2430yRMg/M; % Fe = 5590yRFe/M % A1 = 2700(yRA1 + t)/M; % Si = 2810(4 -t)/M. Values of % Si, % A1, % Fe, and % Mg can thus be calculated for the extremes of t and n dictated by assumption (2) and Eqs. (3) and (4). The resulting theoretical analyses should be compatible with the H/L matrix inversion procedure if both the model structure and the accompanying assumptions are correct.
Other poorly crystalline alteration products encountered in the present work were A1 and Fe oxyhydroxides, for which the metal ion content can be varied between suitable stoichiometric extremes in the matrix by X-ray power diffraction 23 The sequence HLHH refers to high (H) or low (L) levels of elemental assays taken in the order % Si, % AI, % Fe, % Mg. Thus, from left to right an element of 5% was added to % Si experimentally determined, subtracted from % AI, added to % Fe and added to % Mg. A similar procedure was employed for the other sequences. The experimental data were % Si, 14.5; % A1, 12.6; % Fe, 2.6; % Mg, 10.8; % H20, 14.79; d(001), 14.3 and 14.2 ~.
procedure. Thus, for A1, H = 44 (equivalent to A1OOH) and L = 34 (equivalent to AI(OH)3).
COMPUTER PROCEDURES
The laborious calculations were carried out using a Fortran IV computer program written for use with CDC 4120 equipment. This program has six sections: input or d(001) assay data and system code (Table 1) ; assignments in Eq. (2) modified as necessary to take account of elemental relationships; solution of the simultaneous equations by matrix inversion; testing and storing 'acceptable' values; testing and continuation of permutations as necessary; and output ofaveraged phase proportions.
Each acceptable permutation was associated with particular high, low, or fixed/zero values of% Si, % At, % Fe, and % Mg. The values were averaged for each element, for all acceptable permutations, and printed out as averaged elemental analyses. When smectite and poorly crystalline phases were considered, a water mass balance was calculated and similarly modeled. Stoichiometric coefficients were calculated from the averaged analyses to that an empirical formula, consistent with the calculated phase proportions, could be written for each major phase. For this purpose the following empirical equation was employed. a,(P) = A + B% Si(P) + C% AI(P) + D% Fe(P) + E% Mg(P) + F(% Si(P)) z + G(% AI(P)) 2 + H(% Fe(P)) 2 + I(% Mg(P))L
In Eq. (5) the term a~(P) is the stoichiometric coefficient for element i (Si, Al, Fe, or Mg) in mineral P; % Si(P), % AI(P), % Fe, % (P), and % Mg(P) are the respective metal percentages in P; A-I are constants regressed from natural phases for which ai(P) and corresponding elemental assay data are known. Table 2 shows values of the constants calculated for chlorites, vermiculites, kaolinite-serpentines, and dioctahedral smectites. The required data (Deer et al., 1962) were employed in conjunction with a MINITAB II (Ryan et al., 1978) computer regression routine. Correlation coefficients exceeded 0.95.
In one alteration experiment (Hodgson, 1981) , a reaction product was shown by XRD techniques to contain chlorite, vermiculite, a kaolin mineral, and a poorly crystalline, 2:1 aluminosilicate. The d(001) values for the chlorite were 14.0-14.3 A. Analysis of a fused and dissolved sample by atomic absorption spectrometry showed 16.6% Si, 6.8% A1, 6.9% Fe, and 16.5% Mg. System 10 (Table 1) was selected and the resulting computer output is shown in Table 3 . This product was taken to contain about 20% of a chlorite phase of empirical formula Mg4.svFeo.3oA12 vySi2.slO,0(OH)8; the estimated structural formulae and proportions of the other components are given in Table 3 .
ESTIMATION OF ERRORS
Owing to the lack of a complete set of representative 'standard' minerals, absolute checks on the accuracy of the method were not possible. Only kaolinite and vermiculite were obtained in a sufficiently pure form (> 99%), whereas samples of chlorite, montmorillonite, and serpentine available contained major impurities. The alteration products (obtained from other testwork) were too complex and finely divided for effective sep- 
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Qualitative phase analysis
The assumption is made that four phases sufficiently describe the composition of an alteration product: any other phases present contribute insignificantly to the total mass. The method could be developed to account reliably for a mixture of five phases only if a fifth element or other intrinsic property is present for analysis so that a 5 • 5 matrix can be set up. Two possible sources of error thus arise: four phases are considered when five or more could be significant, and one or more phases could be misidentified. If the assay data employed, however, are not consistent with the system selected for computation (Table 1) , acceptable solutions of matrix inversion are likely to be few in number or nil. Trial and error soon determines which system gives the largest number of acceptable solutions with the minimum standard deviation. If this system is consistent with the XRD trace, as is common with alteration products, all should be well. For example in one sample, the 9-11 ~ peak was modeled as pyrophyllite, and no acceptable solutions were obtained because the water mass balance was not satisfied. When remodeled as the 9-1 1 ~ phase mentioned above, the results were satisfactory.
Where mixed-layer clays were suspected, the program (as written) considered them in terms of their constituent minerals, e.g., corrensite was treated as a mixture of two separate species: chlorite and smectite. The technique, however, allows a mineral mixture system to be used in which one phase could be corrensite, to which would be allocated the relevant compositional ranges for % Si, % A1, % Fe, and % Mg.
Quantitative elemental analysis
A relative error of -+5% was associated with the atomic adsorption method employed. To judge the sensitivity of computed results to variations in the input data, calculations were carried out with assay values set at high or low extremes as shown (for the system chl-verm-kaot-AIOOH) in Table 4 . The variations are < 10% for the clay minerals, indicating that the results were unlikely to be ambiguous due to assay errors.
Literature data selection
To assess the effect on computed results of selecting only two choices of literature assay (H or L) for each element (Si, A1, Fe, or Mg) Table 4 ) increased the number of permutations from 1280 to 327,678. Figure 5 gives the results obtained in terms of the frequency distributions of 'acceptable' calculated phase proportions for each of the phases: (I) chl, (II) verm, (III) kaot, and (IV) A1OOH. The lines marked A in the plots represent weighted mean properties and provide the best estimate of phase proportions: chl = 13.2%, verm = 53.2%; kaot = 17.6%; and A1OOH ~ 15.1%. Except for chlorite, for which classification according to the d(001) spacings causes two distinct frequency groupings (Figure 5I) , the lines are close to the highest peaks of the distributions. The lines marked B are corresponding means calculated from the unmodified program: chl, 16.3%; verm, 51.4%; kaot, 18.9% and A1OOH, 13.2%. The positions of the lines A and B are not greatly different despite the fact that the former are based on 255 times as many calculations as the latter. The restriction to the simple choice H or L seemed therefore to be j ustified, and a great deal of computing time could be saved.
Overall random error
The overall error, et (Chatfield, 1970) , tbra particular phase proportion was assumed to be: e~ 2 = e~ 2 + e~ 2 + ec 2 (6) where e, is the error due to elemental analysis (from Table 4 ), % the error in averaging acceptable matrix inversions, and ec the error incurred in restricting computing time. The term eb was deduced from the uncertainty in calculated mass percentage, as shown, e.g., in column 2 in Table 3 . The term ec was related to the fractional difference between the lines A and B in plots of the type shown in Figure 5 . Values of e, were in the range 7-25%, the error decreasing with an increasing estimate of mineral proportion.
DISCUSSION AND CONCLUSION
The mass balance technique described here has been developed for complex clay mixtures for which wellestablished methods of separation and appraisal are not available. Although the method contains uncertainties when applied to complex mixtures, answers can be routinely obtained. Such answers are probably qualitatively correct if the computer procedure leads to a large number of acceptable matrix inversions, and semi-quantitatively correct if the results of these inversions cluster around a particular set of phase proportions. The probability of obtaining reliable answers will become less, the less abundant and/or less welldefined is (are) the phase(s) involved. In this context, calculated standard deviations provide a numerical indicator of reliability.
The method relies on finding a set of'modeled' phases consistent with qualitative XRD analyses, quantitative elemental assays, and the literature of clay composition and structure. Confidence in the results is improved if the 'modeled' phases are also consistent with other independent information. In one group of experiments (Hodgson, 1981) , hydrothermal alteration reactions were carried out for varying lengths of time. Figure 6 shows diffractograms of products obtained at 260 ~ and 300~ Careful examination of the diffractograms (some involving the use of glycolation and potassium saturation techniques (Thorez, 1975) ) clearly indicated the presence in some of the products of vermiculite, a dioctahedral srnectite, kaolinite, boehmite (A1OOH), and 9-11-,~ phase s. The phase identifications were supported by separate thermogravimetric and infrared analyses (not described in detail here) which indicated the presence of highly hydrated material other than the principal clay minerals. The former technique gave a quantitative measure of the water content.
Examination of trends in peak heights in the diffractograms with time suggested initial rapid formation of metastable poorly crystalline alteration products which decomposed progressively with time to yield crystalline products. This process was evidently more rapid at 300~ At 260~ the main crystalline product was eventually kaolinite, whereas at 300~ it was smectite. As will be discussed elsewhere, such trends were mechanistically plausible; the 'modeled' phases and chemically likely sequences of alteration reactions were mutually supportive, particularly with respect to those components poorly defined by X-ray powder diffraction.
The XRD technique has often been employed for the semi-quantitative estimation of clay minerals (e.g., Gibbs, 1967) . Peak heights or areas are measured in comparison with 'standard' clay samples. Although the complex nature of the mixtures considered in this contribution normally precluded reliable comparisons of peak areas, such comparisons were occasionally feasible for isolated, well-defined diffractions forming part of a more complex spectrum. For these reflections the relative peak areas were invariably in accord with the computed phase proportions (cf. Figure 6 (I) and 6(I1) with Figures 7 and 8 ).
